High temperature carbon dioxide sorbents are of interest for a range of emerging processes, including CO 2 removal from flue gases and sorption enhanced hydrogen production.
The capacity of the sorbents was measured at 740 °C with a duration of 20 mins for both recarbonation and regeneration steps. During the recarbonation step, a mixture of CO 2 and argon was fed to the sample chamber, at atmospheric pressure and a total flow rate of 100 cm3/min using two mass flow controllers.
The value of the CO 2 partial pressure was set at 0.25 atm during the recarbonation step using argon as an inert diluent. During the decomposition step, pure argon was fed at the same flow rate as before. Sorption capacity was calculated as the diference between the sample weight at the end of the recarbonation step and preceding regeneration step, normalized by the weight of the calcined sample. Since the gas composition slightly affects the balance readings, the weight change for the empty crucible alone was also measured at the same conditions and taken into account during the capacity calculations. The typical weight change due to the gas composition effect was less than 50 µg.
Before loading a new portion of the sorbent, the crucible was soaked in 1 M HCl overnight, rinsed several times with distilled water and heated to 1300 °C.
Pore volume and size distribution were calculated from mercury intrusion curves (Micromeritics Autopore IV 2500 porosimeter). Calcium and silicon contents in the samples were determined using Perkin-Elmer model Optima 4300 inductively coupled plasma optical emission spectrometer.
The crushing strength was obtained from a measurement of the force necessary to crush pellets along the axial direction using an IPG-1 device.
Results and Discussion

Pellets preparation
The type of the softener (Table 1) significantly affects the properties of the pastes. The amount of softener necessary to provide sufficient plasticity of the green body increases with increase in molecular weight of the softener. In order to obtain nearly the same consistency of the paste, 0.47 ml/g of ethylene glycol was added in contrast with 0.78 ml/g of PVA dispersion.
The effect is most likely due to the different viscosities of the softeners, which varies nearly in the same order as their molecular mass.
More surprising was the influence of the softener type on the extrusion pressure. The extrusion pressures, at the same extrusion rate, using the same die varied by an order of magnitude, ranging from 5.2 bar for water dispersion of PVA to 108.7 bar for ethylene glycol. There is a clear correlation between the extrusion pressure and the amount of softener added. The extrusion pressure for low molecular weight compounds such as ethylene glycol and glycerol was ten times higher than the pressure for hydrocarbon oil and PVA dispersion. Interestingly, despite similar amounts of glycerol and oil used, 0.6 ml/g and This paper presents our results on preparation of CaO/Y 2 O 3 pellets. Different methods for pellets preparation were tested and their influence of the crushing strength was studied. Sorption properties of the pellets were studied under conditions close to the sorption enhanced reforming process in a TG apparatus. 
Experimental Procedure
Preparation of the sorbent
Sorbent characterization
The cyclic carbonation and calcination reactions were experimentally studied using a thermogravimetric analyzer, 0.7 ml/g, respectively, their extrusion pressures considerably differ. The softener nature also affected the extrudates consistence. The extrudates obtained from the oil and PVA softened pastes were stable. Glycol and glycerol softened pastes could not keep the noodle shape and lost it within seconds after extrusion. Several minutes later, the pastes restored the viscosity they had before extrusion. Liquefaction was the most pronounced for ethylene glycol, which quickly produced a slapjack before recovering the initial viscosity.
However, after extrudate was calcined for 2 hours at 800°C, the order of the pellets strength was reversed. All the samples, except for the sample made of ethylene glycol softened paste, were very fragile. The ethylene glycol softened sample had the strength of 2.6 -4 kg/cm 2 , which was sufficient for further processing. Since the extrusion could not produce the pellets from this paste, another approach was used. The ethylene glycol/yttria powder mixture was placed in matrix made of a silicon rubber tube. Then, the matrices were calcined for 2 hours at 800°C to produce the desired cylindrical pellets. Using this approach, several hundred grams of yttria pellets were obtained for the experiments.
Strength of pellets
The sorbents designed for fixed bed operation need to be of a high strength and must be resistant to thermal and pressure cycling. In addition, dusting and crumbling of the catalyst results in reactor plugging and damage of the downstream equipment.
Thus, the strength of pellets is an important parameter, which should be controlled for novel materials designed for fixed bed operation.
Refractory properties of yttria prevent pellets from hardening 
Sorption properties of MD-1and MD-2 sorbent series.
The dynamic sorption capacity of sorbents was measured under isothermal conditions at 740ºC. The isothermal segment was long enough to complete approximately 60 cycles, with single cycle duration of 40 min. After an isothermal segment, the sorbent was heated to1300ºC and cooled to 740ºC, at a ramp rate 20ºC/min. Then, the isothermal capacity measurements were repeated. An intermediate short excursion into a high temperature region models local overheating of the sorbent that could take place during the regeneration step.
The sorbent's capacity after the first impregnation was negligibly low for both series of sorbents. Close examination of their elemental composition revealed that the effect may be due to a small amount of silica (3.5 wt.%), which appears after pelletizing.
It is likely the silica impurity that originates from the silicon rubber matrix, since its content in the samples pelletized in a different manner was negligibly low. At high temperatures, silica reacts with CaO giving calcium silicates with reduced rate of CO 2 absorption [22, 29] . An increase in the CaO content after second impregnation provides unbounded CaO, and, as a result, noticeable capacity of the sorbent. The third and subsequent impregnations further increase the sorbent capacity ( Figures 5,6 ).
The capacity dependence on the number of cycles has a complex behavior. In contrast to the unsupported CaO [10] , the capacity of CaO/Y 2 O 3 continuously increases. The size and rate of the increase depends on the sorbent pretreatment and absorption/desorption cycles. The capacity of three times impregnated MD-1 sample is nearly constant at ca. 4.5 wt. %.
Immediately after calcination, the sorbent capacity drops to 2.5 wt.%, and then increases again to 4.5 wt. % during 20 cycles.
On the contrary, the capacity of MD-2 samples, after two and and regeneration steps to 30 minutes did not greatly affect the rate of capacity increase. Subsequent calcination of the sorbent at 1300ºC temporarily decreased the capacity down to 5 wt. %.
However, in 20 cycles it returned back to the value of 7 wt. % and was further continuously increasing. Then, the step duration was increased to 1 hour. As a result, the capacity increased even further up to 8 wt. %, and continued to grow. Next, calcination at 1300ºC only marginally decreased the overall capacity down to 7 wt. %, though the sample restored the capacity in 15 cycles.
In these runs, MD-1 type of the sorbent steadily increased the capacity with cycle number and step duration ( Figure 7 ).
In contrast, duration of the recarbonation step doesn't affect so much the capacity of the 4-times impregnated MD-2 sample ( Figure 8 ). As was discussed above, the sorbent is also insensitive to calcination at 1300 °C.
The effect of step duration and high temperature treatment is further evidenced in Figures 9 and 10 , which plot CO 2 adsorption and desorption kinetic curves, measured during the last cycles three impregnations, steadily increases during initial 30 cycles.
Calcination at 1300ºC doesn't affect their capacity and it returns to the pre-calcination capacity value after one cycle. Hence, the rate of desorption remains nearly constant for both MD-1 and MD-2 series, irrespective of the sorbent history.
The absorption curves in Figures 9 and 10 demonstrate typical dependence on time with an initial fast period of recarbonation, which is followed by a much slower reaction rate [10, 20] . It is widely accepted that the fast period is due to a reaction with surface CaO, the rate of reaction being limited by the gas phase CO 2 diffusion to CaO particles. Recarbonation abruptly decreases the reaction rate when the CO 2 transport through the newly formed carbonate layer becomes limiting.
Thus, the amount of CO 2 absorbed during the fast period is an indicator of the availability of CaO in the sorbent.
As it was shown previously, CaO recarbonation-decomposition cycles result in formation of the surface reactive shell made of porous CaO [10] . A high temperature treatment of pure CaO sinters the reactive porous shell and decreases available CaO surface. A similar process should be responsible for the decrease in capacity for MD-1 series of samples. Presumably, there is some sintering of the yttria matrix and supported CaO as a result of high temperature treatment. During the subsequent cycling, the CaO surface becomes more porous and reactive, restoring the capacity before calcination (Figures 7,9 ). For MD-2 series sample, which was already sintered at 1300°C during synthesis, the high temperature treatment does not significantly change the porous structure. As a result, the capacity is not considerably affected by the calcination (Figures 8,10 ). At the moment, this hypothesis cannot be supported with experimental data on sorbent porous structure since the amount of the sample (about 20 mg) used in TG experiments is insufficient for use of textural methods.
Another factor responsible for the sintering resistance of yttria supported CaO could be the calcium oxide interaction with the matrix. CaO appears not to form mixed oxides with yttria [25] , though we cannot exclude the surface interaction of two oxides. Some activation, observed in initial cycles as an increase in capacity, or higher capacity values after high temperature treatment may be also due to calcium oxide redistribution over the yttria surface. During this redistribution CaO develops its surface, thus increasing its availability for reaction with CO 2 .
Continuing efforts are required to elucidate the reason of the excellent thermal stability of CaO/Y 2 O 3 sorbents. 
Conclusions
